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SPECIFICATION 
TITLE 

MULTILAYER PIEZOACTUATOR AND METHOD FOR 
MANUFACTURING SAME 
BACKGROUND OF THE INVENTION 

Field of the Invention 

The present invention relates to a multilayer actuator based on a piezoelectric operating 
principle, and a method manufacturing the same. 
Description of the Prior Art 

For the triggering of a rapid positioning process, a multilayer piezoactuator (PMA = 
piezoelectric multilayer actuator) is increasingly used. For manufacturing-related reasons, an 
actuator of this type, up until now, has been available only with a rectangular or square cross- 
sectional geometry. With respect to a miniaturization of the components, an effort is made to use 
the available constructive space in an optimal manner. Since the placement of a square 
multilayer piezoactuator in a cylindrical housing uses only 63.7 % of the cross-sectional surface 
of the housing, the values for the electromagnetically important characteristics of such a 
multilayer element, such as the rigidity c p = (A/L) E M [N/m], 

with A = cross-sectional surface [m 2 ], L - actuator length [m], E M = modulus of elasticity [GPa], 
and the blocking force F B = A E M d 33 E F [N], 

with d 33 = piezomodulus [m/V], E F = electrical field strength [V/m], 

reach only approximately 0.64 times those values of a cylindrical PMA that is optimal in this 
sense. However, from the manufacturing point of view, a cylindrical PMA can be manufactured 
only at great expense and, thus, not profitably. For example, the grinding of a ceramic-type 
piezoactuator involves a higher expense due to the requirement of a particularly expensive 
diamond grinding disk. "Ceramic-type material" is understood to mean either a ceramic or a 
material that is mechanically similar thereto. 

Since the actuator geometry is determined by the respective application, there results a 
restriction for the cross-sectional geometry of a generally-used cylindrical housing. Accordingly, 
such a housing is often unnecessarily large in diameter. Up until now, no practical solution has 
been known for the removal or minimization of this problem. 
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An object of the present invention, therefore, is to provide a multilayer piezoactuator 
whose cross-sectional geometry is optimized in relation to a cylindrical housing, and which is, 
nonetheless, comparatively easy to manufacture. 

SUMMARY OF THE INVENTION 

The fundamental idea of the present invention is based on the use of a multilayer 
piezoactuator having a hexagonal cross-sectional geometry with such configuration, there results 
the advantage that the filling factor of the PMA is increased by 30%, up to 82.7%, in comparison 
to an actuator having a square cross-sectional geometry. In addition, conventional rectilinear saw 
cuts can be used for the manufacturing of a hexagonal PMA. This advantageously distinguishes 
the hexagonal basic structure from higher-order polygons. 

Since the circumference of a hexagon increases only slightly in relation to that of a 
square, the additional expense associated with the subsequent processing of the outer surfaces of 
the PMA is negligible. 

Accordingly, in an embodiment of the present invention, a piezoelectric multilayer 
actuator of hexagonal cross-sectional geometry is provided which includes at least two individual 
piezoelectric layers; at least two electrodes, wherein the electrodes are alternately layered with 
the piezoelectric layers; and a housing of circular cross-section. 

In an embodiment, at least one of the electrodes is made of AgPd. 

In an embodiment, at least one of the piezoelectric layers is made of one of the group 
consisting of PbTi0 3 , PbZrO s , and PZT. 

In an embodiment, an opening is provided on one side of each of the electrodes. 

In an embodiment, the piezoelectric multilayer actuator further includes means for 
alternating external contacting of the electrodes, wherein a multilayer electrode structure is 
formed which is substantially similar to a multiple plate capacitor. 

In a further embodiment of the present invention, a method for manufacturing a 
piezoelectric multilayer actuator of hexagonal cross-sectional geometry is provided, wherein the 
actuator includes at least two individual piezoelectric layers alternately layered with at least two 
electrodes, the method including the steps of: forming at least two green parts, each green part 
being provided with an electrode structure on an upper side; stacking the green parts one over 
the other; connecting the green parts to form a compact solid element; separationally sawing the 



compact solid element to obtain at least one piezoelectric multilayer element of hexagonal cross- 
sectional geometry; and introducing the piezoelectric multilayer element into a housing of 
circular cross-section. 

In an embodiment, the step of connecting the green parts is performed via a sintering 
process. 

In an embodiment, the step of forming the at least two green parts is performed via at 
least one of foil casting and foil drawing. 

In an embodiment, each of the electrode structures is applied to its respective green part 
via a screen printing process. 

In an embodiment, the electrodes are isolated from the compact solid element by parallel 
saw cuts that are rotated by 60°. 

In an embodiment, each of the electrode structures is formed of a regular pattern of a 
plurality of hexagonal electrodes. 

In an embodiment, a plurality waste regions are provided on the each of the electrode 
structures between the plurality of hexagonal electrodes, the waste regions being filled with a 
filling material having a thickness substantially equal to a thickness of the electrode structure. 

In an embodiment, the method further includes the step of: applying an external contact 
onto planar external surfaces of the piezoelectric multilayer element. 

In an embodiment, on the planar external surfaces, at least every other electrode includes 
an opening. 

In an embodiment, the step of applying the external contact is performed via a process of 
laser soldering of electrical contact lugs. 

Additional features and advantages of the present invention are described in, and will be 
apparent from, the Detailed Description of the Preferred Embodiments and the Drawing. 

DESCRIPTION OF THE DRAWTNCS 

Figure 1 shows the relevant cross-sectional geometries of the multilayer piezoactuator of 
the present invention; 

Figure 2 shows a view of an undivided piezoelectric element; 

Figure 3 a shows a perspective view of the multilayer piezoactuator of the present 
invention; and 
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Figure 3b shows, in cross-sectional view, the multilayer piezoactuator of Figure 3a. 
DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

In Figure 1, a circular circumference U 3 is shown in a top view, as well as the 
circumferential geometries of both a square U ] and a hexagon U 2 which fill this circle. The 
respectively filled surfaces correspond to the cross-sectional geometry of a circle, a square or a 
hexagon. The angle bisectors of the hexagon are shown in broken lines. In addition, the angle, 
designated g>, of each of these angle bisectors with respect to one another is shown. The radius 
of the circle, which corresponds to half the length of the angle bisectors of the square and 
hexagon, is designated r. 

In the following table, the relation between the filling surface A, circumference U, filling 
factor F in relation to the circle, and circumference U 0 in relation to the circle, is shown for a 
circle, a square or, respectively, a hexagon. 





A 


U 


F 


U 0 


Circle 


A 3 = it • r 2 


U 3 = 2 • tc • r 


1 


1 


Square 


A, = 2 • r 2 


U, = 4 ■ r • \/2 


2/ti = 0.637 


(2 • V2)/iz = 
0.900 


Hexagon 


A 2 = (3/2)1* • v/3 


U 2 = 6 • r 


(3 • V3) 1 (2 • it) 
= 0.827 


3/tc = 0.955 



In the table, the filling factor F of the hexagon, increased in relation to the square, with 
82.7% of the surface of the circle again can be seen. 

Figure 2 shows a top view of an individual layer 1, provided with an electrode structure 
20, of a PMA. This is, for example, a green part 10; i.e., a not-yet-sintered individual layer or an 
already-sintered layer. The electrode layer 20 consists of several hexagonal rectified electrodes 2 
that touch at their corners. Between the electrodes 2, which are preferably made of AgPd, 
triangular waste areas 5 can be seen that, in the simplest case, are not filled with material. The 
electrode structure 20 advantageously is applied on the upper side of the green part 1 0 by means 
of screen printing. The green part 10 preferably is constructed as a foil, also called a green foil. 
The green foil is advantageously obtained by means of foil drawing or foil casting. However, a 
pressed structure also can be used. 



-4- 



For the manufacture of a compact PMA, given a ceramic-type piezoactuator material, 
several printed green parts 10 are stacked on one another congruently and are sintered under the 
action of pressure or temperature. These parts are released later, if necessary. The screen 
printing process for the electrodes 2 and the stacking of the green parts 10 thereby 
advantageously takes place in such a manner that the desired multilayer structure arises by means 
of a later external contacting 6. Figure 2 thus also corresponds to the top view of a compact 
(e.g., already-sintered) piezoelectric solid element 3 or to an already-sintered individual layer L 

For simplified contacting, it is advantageous for the electrode 2 to include at least one 
opening on at least one side. As such, green parts 10 can be stacked in such a way that the 
opening of electrodes 2 positioned one over the other is attached in alternating fashion at an 
opposite side of the hexagon. This measure brings about the result that, after an isolation at two 
opposite sides of a multilayer piezoactuator, only every second electrode extends onto the 
surface. In this way, the respectively desired group of electrodes 2 can be addressed by means of 
a simple electrical contacting; e.g., a planar contacting. 

For the isolation of a multilayer piezoactuator, the compact solid element 3 is divided by 
several rectilinear saw cuts S. A particular advantage of a hexagonal cross-sectional geometry is 
that, due to the rectilinear saw cuts S, the separational sawing previously used for the isolation of 
the PMA can be used unchanged. For example, the solid element 3 is clamped in oriented 
fashion on a carrier that allows, on the one hand, defined angular rotations of 60°, and allows, on 
the other hand, a translational displacement of the cutting table. The saw cuts S required for the 
isolation can be produced in this way. The remaining waste takes up a quarter of the substrate 
surface. In order to achieve a homogeneous construction of the stacked green parts 10, and in 
order to reduce the inner mechanical deformation occurring in the sintering process, the 
triangular waste regions 5 are preferably filled with a filling material corresponding to the 
thickness of the electrode structure 20; e.g., by screen printing of this waste region 5 with 
isolated islands of the electrode material. 

An external contacting 6 of the electrodes 2, which are oriented in alternating fashion, is 
applied on the PMA, preferably by means of laser soldering, or the like, of electrical contact lugs 
on the planar outer surfaces of the constructive part. In this way, an advantageous multilayer 



electrode structure resembling a multiple plate capacitor can be manufactured; e.g., of a group of 
electrodes 2 with openings arranged in alternating fashion on opposite sides of the PMA. 

An advantage of a multilayer piezoactuator with a hexagonal cross-sectional geometry is 
further explained on the basis of the following sample calculation: 

If E M = 38 [GPa] is assumed for the modulus of elasticity of a ceramic, and d 33 = 650 * 
10" i2 [m/V] is assumed for the piezomodulus, the following results for a PMA with a square 
cross-sectional geometry with the dimension (width * depth * length) 7*7*30 mm that is placed 
in a cylindrical housing with an inner diameter of 10 mm: 

Rigidity C P = 62 [N/um], blocking force F B - 2421 [N] with E F = 2 kV/mm] 

Under the same housing conditions, the following results for a hexagonal PMA with an 
edge length of the hexagon corresponding to a half inner diameter of the housing of 5 mm: 

Rigidity C P - 82 [N/um], blocking force F B - 3209 [N] with E F = 2 [kV/mm] 

The basic hexagonal structure is distinguished in relation to higher-order polygons in that, 
with these polygons, a parqueting of the surface cannot be realized, under the secondary 
condition that the individual parts can be isolated later by separation sawing. Since the 
circumference of a hexagon increases only by 6% in relation to that of a square, the additional 
expense for the subsequent processing of the outer surfaces of the PMA is negligible. 
Perovskites (including BaTi0 3 , SrTi0 3 , PbTi0 3 , KaTi0 3 , PbZr0 3 , Pb(Zr!_ x Tix)0 3 (PZT), KNb0 3 , 
LiNb0 3 , LiTa0 3 ) are preferably used as piezoelectric materials. Any suitable metal, or a metal 
alloy, can be used as the electrode material, through noble metals are preferred. AgPd is 
particularly preferred. 

Figure 3 a shows an oblique view of a hexagonal PMA that is constructed from 
alternately-applied piezoelectric individual layers 1 and electrodes 2. The external contacting 6 
is constructed in such a way that every second electrode 2 is respectively contacted on an 
external contacting 6. The dotted line A designates the conceived curve of a separating line for 
the representation of a sectional image according to Figure 3b. 

In Figure 3b, the PMA of Figure 3a is shown as a sectional representation along the 
dividing line A. The alternating contacting of the electrodes 2 in relation to the external 
contacting 6 can be seen. This is achieved by means of an opening at the electrodes 2 through 
which the cut runs. Via the application of an electrical voltage to the external contacting 6, this 
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electrode structure behaves in the manner of a multilayer capacitor. The electrical field that 
occurs during the application is identified by the respective arrows. 

Due to the considerably better (in comparison to a square basic surface) approximation of 
the optimal circular shape, there also results the further functional advantages that, for example, 
the introduction of force into the element to be driven takes place more homogeneously, the 
mechanical stress distribution in the multilayer element is more uniform, and the field strength 
non-homogeneity at the corners of the electrode structure 20 is reduced due to the more blunt 
edge angle (120<> instead of 90°). 

Although the present invention has been described with reference to specific 
embodiments, those of skill in the art will recognize that changes may be made thereto without 
departing from the spirit and scope of the invention as set forth in the hereafter appended claims. 



We Claims as Our Invention : 

1 . A piezoelectric multilayer actuator of hexagonal cross-sectional geometry, 
comprising: 

at least two individual piezoelectric layers; 

at least two electrodes, wherein the electrodes are alternately layered with the 
piezoelectric layers; and 

a housing of circular cross-section. 

2. A piezoelectric multilayer actuator as claimed in claim 1, wherein at least one of 
the electrodes is made of AgPd. 

3. A piezoelectric multilayer actuator as claimed in claim 1, wherein at least one of 
the piezoelectric layers is made of one of the group consisting of PbTi0 3 , PbZr0 3 , and PZT. 

4. A piezoelectric multilayer actuator as claimed in claim 1, wherein an opening is 
provided on one side of each of the electrodes. 

5. A piezoelectric multilayer actuator as claimed in claim 1, further comprising: 
means for alternating external contacting of the electrodes, wherein a multilayer electrode 

structure is formed which is substantially similar to a multiple plate capacitor. 

6. A method for manufacturing a piezoelectric multilayer actuator of hexagonal 
cross-sectional geometry, wherein the actuator includes at least two individual piezoelectric 
layers alternately layered with at least two electrodes, the method comprising the steps of: 

forming at least two green parts, each green part being provided with an electrode 
structure on an upper side; 

stacking the green parts one over the other; 

connecting the green parts to form a compact solid element; 

separationally sawing the compact solid element to obtain at least one piezoelectric 
multilayer element of hexagonal cross-sectional geometry; and 
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introducing the piezoelectric multilayer element into a housing of circular cross- 
section. 



7. A method for manufacturing a piezoelectric multilayer actuator as claimed in 
claim 6, wherein the step of connecting the green parts is performed via a sintering process. 

8. A method for manufacturing a piezoelectric multilayer actuator as claimed in 
claim 6, wherein the step of forming the at least two green parts is performed via at least one of 
foil casting and foil drawing. 



9. A method for manufacturing a piezoelectric multilayer actuator as claimed in 
claim 6, wherein each of the electrode structures is applied to its respective green part via a 
screen printing process. 



1 0. A method for manufacturing a piezoelectric multilayer actuator as claimed in 
claim 6, wherein the electrodes are isolated from the compact solid element by parallel saw cuts 
that are rotated by 60°. 



11. A method for manufacturing a piezoelectric multilayer actuator as claimed in 
claim 6, wherein each of the electrode structures is formed of a regular pattern of a plurality of 
hexagonal electrodes. 



12. A method for manufacturing a piezoelectric multilayer actuator as claimed in 
claim 11, wherein a plurality waste regions are provided on the each of the electrode structures 
between the plurality of hexagonal electrodes, the waste regions being filled with a filling 
material having a thickness substantially equal to a thickness of the electrode structure. 
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13. A method for manufacturing a piezoelectric multilayer actuator as claimed in 
claim 6, further comprising the step of: 

applying an external contact onto planar external surfaces of the piezoelectric multilayer 
element. 

14. A method for manufacturing a piezoelectric multilayer actuator as claimed in 
claim 13, wherein, on the planar external surfaces, at least every other electrode includes an 
opening. 

15. A method for manufacturing a piezoelectric multilayer actuator as claimed in 
claim 13, wherein the step of applying the external contact is performed via a process of laser 
soldering of electrical contact lugs. 
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ABSTRACT OF THE DISCLOSURE 

A piezoelectric multilayer actuator made of at least two individual piezoelectric layers 
which can be driven electrically by at least one electrode, wherein the actuator exhibits a 
hexagonal cross-sectional geometry. 



-11- 



1/3 
FIG1 






A 


U 


F 


U 0 


Kreis 


A3 = 7W 2 


U 3 = 2-7CT 


1 


1 


Quadrat 


A 1 = 2-r 2 


U 1 = 4-r-V2' 


§ = 0,637 

TZ 


^ = 0,900 


Hexagon 


A 2 = |t2.YJ 


U 2 = 6-r 


= 0,827 

2*71 


I = 0,955 

TZ 



DECLARATION AND POWER OF ATTORNEY 

As a below named inventor, I hereby declare that: 

My residence, post office address and citizenship are as stated below next to my name, 

I believe I am the original, first and sole inventor (if only one name is listed below) or an original, first 
and joint inventor (if plural names are listed below) of the subject matter which is claimed and for which a patent 
is sought on the invention entitled: 

MULTILAYER PIEZOACTUATOR AND METHOD FOR ^WC^PACTURING SAME 



Case No. P99J354 , the specification of which 

X is attached hereto. 

(check was filed on , as 

one) Application Serial No . 

and was amended on . 

(if applicable) " 

I hereby state that I have reviewed and understand the contents of the above identified specification, 
including the claims as amended by any amendment referred to above. 

I acknowledge the duty to disclose to the United States Patent Office all information which is known to 
me to be material to the patentability of this application in accordance with Title 37, Code of Federal 
Regulations , 1 . 5 6 (a) . 1 

I do not know and do not believe this invention was ever known or used in the United States of America 
before my or our invention thereof, or patented or described in any printed publication in any country before my 
or our invention thereof or more than one year prior to this application, that the same was not in public use or on 
sale in the United States of America more than one year prior to this application, and I believe that the invention 
has not been patented or made the subject of an inventor's certificate issued before the date of this application in 
any country foreign to the United States of America on an application filed by me or my legal representatives or 
assigns more than twelve months prior to this application, and that no application for patent or inventor's 
certificate on this invention has been filed in any country foreign to the United States of America prior to this 
application by me or my legal representatives or assigns, except as identified below: 

I hereby claim foreign priority benefits under Title 35, United States Code, 1 19 of any foreign 
application(s) for patent or inventor's certificate listed below 
Prior Foreign Application(s) 

Number Country Date 

19834461.9 Fed. Rep. Of Germany July 30, 1998 



and have also identified below any foreign application for patent or inventor's certificate having a filing date 
before that of the above listed application on which priority is claimed: 
Prior Foreign Applications) 

Number Country Date 



(b) Under this section, information is material to patentability when it is not cumulative to information already of record or being made 
of record in the application, and 

(1) It establishes, by itself or in combination with other information, a prima facie case of unpatentability of a claim; or 

(2) It refutes, or is inconsistent with, a position the applicant takes in: 

(i) Opposing an argument of unpatentability relied on by the Office, or 

(ii) Asserting an argument of patentability. 

A prima fade case of unpatentability is established when the information compels a conclusion that a claim is unpatentable under the 
preponderance of evidence, burden-of-proof standard, giving each term in the claim its broadest reasonable construction consistent with the 
specification, and before any consideration is given to evidence which may be submitted in an attempt to establish a contrary conclusion of 
patentability. 



If no priority is claimed, I have identified all foreign patent applications filed prior to this application: 
Prior Foreign Application(s) 

Number Country Date 



And I hereby appoint Messrs. John D. Simpson (Registration No. 19,842), Dennis A. Gross (24,410), 
Robert M. Barrett, (30,142), Steven H . Noll (28,982), Kevin W. Guynn (29,927), Robert M. Ward (26,517), 
Brett A. Valiquet (27,841), Edward A. Lehman (22,312), David R. Metzger (32,919), Todd S. Parkhurst 
(26,494), James D. Hobart (24,149), MelvinA. Robinson (31,870), JohnR. Garrett (27,888), Paula J. Kelly 
(37,624), Joseph P. Reagen (35,332), Michael R. Hull (35.902), Michael S. Leonard (37,557), William E. 
Vaughan (39,056) and Lewis T. Steadman (17,074), all members of the firm of Hill & Simpson, A Professional 
Corporation 

Telephone: 312/876-0200 Ext. 3491 
my attorneys with full power of substitution and revocation, to prosecute this application and to transact all 
business in the Patent and Trademark Office connected therewith and direct that all correspondence be forwarded 
to: 

Hill & Simpson 
A Professional Corporation 
85th Floor Sears Tower, Chicago, Illinois 60606 

I hereby declare that all statements made herein of my own knowledge are true and that all statements 
made on information and belief are believed to be true; and further that these statements were made with the 
knowledge that willful false statements and the like so made are punishable by fine or imprisonment, or both, 
O under Section 1001 of Tide 18 of the United States Code and that such willful false statements may jeopardize the 

validity of the application or any patent issued thereon. 

% Full name of sole or first inventor ANDREAS KAPPEL 



Inventor's signature Date_ 

Residence Brunnthal . Germany 



Citizenship Germany 



Post Office Address Zugspitzstr. 7 



85649 BrunnthaL Germany 



Full name of second joint inventor RANDOLF MOCK 



Inventor's signature Date_ 

Residence Muenchen. Germany 



Citizenship Germany 



Post Office Address Ludw.-Erhard-Allee 29 



81739 Muenchem Germany 



Full name of third joint inventor, 

(if any) HANS MEKNER 



Inventor's signature Date„ 

Residence Haar, Germany 



Citizenship Germany 



Post Office Address Max-Planck-Str. 5 



85540 Haar . Germany 



